All retrovirus genomes encode at least two structural proteins, Gag and Env, and three enzymes: a protease, reverse transcriptase, and integrase (3) . In many retroviruses, all three enzymes are encoded by one gene, the pol gene, located between the gag and the env genes. The pol gene is expressed by a unique mechanism of translation readthrough. This mechanism leads to a coordinate low-level expression of the catalytic polypeptides relative to the structural Gag protein.
Two distinct types of translational readthrough are utilized by different eukaryotic viral systems, (i) readthrough suppression, as in murine leukemia viruses, in which the gag and pol open reading frames (ORFs) are in frame; and (ii) ribosomal frameshifting, used by viruses in which the gag and pol coding sequences are out of frame with respect to each other (for recent reviews, see references 6 and 13). One major distinction between these two mechanisms is that suppression occurs at the translation termination codon, while ribosomal frameshifting may occur at a considerable distance from the end of the gag coding sequences, within the overlapping region of the two adjacent ORFs (8) . In the group of human T-cell leukemia viruses, the ORF of the pro gene overlaps both the gag and the pol genes. Thus, expression of the pol gene requires two reading frame alterations, one between gag and pro and the second between the pro and pol genes (15, 18) . In human T-cell leukemia virus type II (HTLV-II), the length of the overlap at the gag-pro junction is 28 bases, while at the pro-pol junction it is 373 bases long (22) .
Sequence analysis of various retroviruses revealed a short stretch of adenosine (A) or uracil (U) residues at the frameshifting site followed by a dyad symmetry sequence, which may form a stem-loop-like structure (1, 4, 8, 9, 19, 24) . In some cases, a more elaborate pseudoknot structure is observed (6, 9, 11, 13) . It was demonstrated that the reframing usually occurs at the 3' end of these heptanucleotide sequences. The distance between these two elements as well as the stability of the stem-loop structure appears to vary among the different retroviruses. While the stem-loop struc-* Corresponding author.
ture was found to be essential for ribosomal frameshifting between gag and pol in Rous sarcoma virus (8) or human immunodeficiency virus (HIV) in mammalian cells (20) , the variable sequence by itself was sufficient for efficient frameshift between gag and pol ORFs in HIV when tested in vitro or in yeast cells (24, 25) .
Previously (16), we demonstrated that the 58-kDa Gag (G) and two fusion polypeptides, the 75-kDa Gag-Pro (GP) and 112-kDa Gag-Pro-Pol, were translated in vitro from the three HTLV-II overlapping reading frames. In the work presented here, we identify the genetic signals dictating the ribosomal frameshift between the gag and pro ORFs.
A DNA fragment of HTLV-II (nucleotides 361 to 3663 [22] ) corresponding to the gag and pro genes and part of the pol gene (Fig. 1A) was inserted into the polylinker of pSPT19, giving rise to plasmid pSgp. The RNA was transcribed by the SP6 RNA polymerase (16) , and the purified RNA (-3,300 nucleotides) was translated in a nucleasetreated rabbit reticulocyte lysate (Promega) in the presence of [35S]methionine (11) . The products were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Fig. 1B, lane 4) . These products consist of a major protein of 58 kDa (G) and a minor product of 75 kDa (GP). We verified the HTLV-II translation products by immunoprecipitation (11) with a monoclonal antibody specific for an antigenic determinant in the p24 portion of the HTLV-1 Gag. This antibody also recognizes HTLV-II Gag. The immunoprecipitate contains both the 58-kDa (G) and the 75-kDa (GP) proteins (Fig. 1B, lane 2) . The low-molecularweight proteins observed in lanes 2 and 4 probably represent prematurely terminated Gag products, which contain the p24 antigenic determinant and are therefore recognized by the monoclonal antibody. In this in vitro analysis, endogenous reticulocyte translation product, notably a protein of 92 kDa, is also observed (compare Fig. 1B, lanes 1 and 3) .
The involvement of a stem-loop structure in the frameshift event was demonstrated in the gag-pol translation readthrough of several retroviruses (6) . Sequence analysis of the HTLV-II gag-pro junction reveals an inverted repeat which may fold into a stable stem-loop structure. The UAA termination codon is located within the loop region of this structure ( Fig. 2A) . To stem-loop structure in the frameshift event, we introduced destabilizing point mutations (7, 17) at the 5' and the 3' arms of the stem (pSgpA and pSgpB, respectively) ( Fig. 2A) . Each mutation was confirmed by sequence analysis (21) . RNAs of the corresponding plasmid mutants were translated, and the polypeptide products were resolved by SDS-PAGE. While RNA made of pSpg plasmid yielded two products corresponding in size to G and the fusion polypeptide GP (Fig. 2B , lane 1), RNAs harboring secondary-structure destabilizing mutations at either the 5' or 3' arm of the stem-loop structure produced only the Gag product (Fig. 2B, lanes 2 and 3) . This observation indicates that a genetic signal, essential for frameshift, is located within the dyad symmetry sequence. The signal may consist of either the secondary structure by itself, the primary sequences flanking the gag UAA termination codon, or a combination of both. To distinguish between these possibilities, a mutant which restored the stem-loop structure was constructed (pSgpAB) ( Fig. 2A) . The restored stem is a combination of the complementary 5' and mutated 3' sequences. No GP fusion polypeptide was detected among the translation products of the double mutant (Fig. 2B, lane 4) . This result suggests that either the nucleotide sequence of the wild-type dyad symmetry facilitates frameshifting or the functionality of the secondary structure is determined by its thermodynamic stability. The calculated free energy of the restored stem-loop, as deter- mined by means of an algorithm using defined energy rules (5, 26) , is reduced from -16.4 to -10.5 kcal/mol (-68.6 to -43.9 kJ/mol).
To further analyze the importance of the stability of the stem in frameshifting, the wild-type stem was mutated by exchanging positions of three G-C pairs within the stem (Fig.  3A) . In this mutant, the free energy of the new stem was identical to that of the wild-type structure, -16.4 kcal/mol (-68.6 kJ/mol). This reconstructed stem-loop structure facilitated efficient frameshifting, similar to the wild-type RNA (compare Fig. 3B, lanes 1 and 3) , while the exchange of three G for three C residues in only one of the stem arms (the 5' arm), lowering the stem's stability, abrogated frameshifting (lane 2).
To test whether sequences upstream of the heptameric A AAA AAC sequence or downstream of the dyad symmetry sequence also participated in the frameshift event, we constructed a 41-nucleotide-long synthetic oligonucleotide starting two bases upstream from the heptameric sequence and ending at the last base of the stem-loop sequence (Fig. 4A,  part III) . This oligonucleotide was cloned in a heterologous gene, the HIV-1 nef. The synthetic HTLV-II oligonucleotide was designed so that after cloning at the unique EcoRV restriction site (nucleotide 9152 on the nef sequence) of the nef gene in plasmid pNef, Nef would terminate at the HTLV-II UAA gag termination codon. The nef ORF 3' to the HTLV-II oligonucleotide insert is shifted in the new plasmid, pNefHT, to a -1 position relative to the nef ORF 5' to the insertion (Fig. 4A) . The plasmid pNef and the hybrid plasmid pNefHT were transcribed and translated in vitro. The products were immunoprecipitated with Nef-specific antibodies and analyzed by PAGE. As expected, translation of pNef RNA yielded two products of 24 and 27 kDa (Fig. 4B, lane 1) , initiated at the two alternative nef AUG initiation codons (nucleotides 8829 and 8886 [12] ). Translation of pNefHT transcript, which includes the 41-bp HTLV-II sequence, produced four distinct polypeptides (Fig. 4B, lane 2 termination codon, were produced. The two larger products with apparent molecular masses of 26 and 29 kDa correspond to the frameshift polypeptides, initiated at the two nef initiation codons and terminated at the nef UGA codon (nucleotide 9447). Since the reading frames of nef sequences flanking the HTLV-II oligonucleotides are shifted in a -1 position relative to each other, it follows that ribosomal frameshift must have occurred to produce the two large polypeptides. Thus, the 41-nucleotide HTLV-II sequence appears to be sufficient to dictate ribosomal frameshifting. In fact, frameshifting efficiency in the heterologous system (pNefHT) is greater than that occurring in the original HTLV-II gag-pro RNA (compare Fig. 1B, lane 2, and Fig.  4B, lane 2) . The published efficiency of frameshifting between gag and pro ranges from 6% (18) to about 15% (15) To analyze whether the two elements, the adenosine residue stretch (A stretch) and the stem-loop structure, are both essential for ribosomal frameshifting, two plasmids were prepared. In one, pNefHTI, 12 bp, including the A stretch, was deleted from pNefHT (nucleotides 2079 to 2090 on the HTLV-II sequence [22] ) (Fig. 4A, part III) , and in the other, NefHT-II, 21 bp comprising the dyad symmetry sequence was deleted (nucleotides 2099 to 2119) (Fig. 4A,  part III) . The deleted plasmid pNefHTI contains the entire stem-loop structure, including the G stretch but missing the A stretch. Translation of RNA made of this plasmid produced only the two short Nef polypeptides of 15 and 17 kDa (Fig. 4B, lane 3) . As no frameshift products could be observed, it follows that the A stretch is an essential part of the frameshift cis-acting signal. Similarly, only two protein products of 17.5 and 22 kDa were obtained upon translation of pNefHTII RNA, which includes the A stretch and is lacking the stem-loop sequence (Fig. 4B, lane 4) . The latter two polypeptides are larger than the pNefHTI products since the HTLV-II translation terminator was deleted. Translation stopped at an in-frame terminator located within the nef sequences 3' to the HTLV-II insert. These results indicate that both elements, the heptameric sequence A AAA AAC and the dyad symmetry sequence at the junction of the gag-pro of HTLV-II, are essential for ribosomal frameshift.
HTLV-II represents a unique example of a termination codon situated within the loop of the stem-loop structure. It was thus interesting to investigate whether the termination codon UAA or the nucleotide sequence of the loop plays a role in frameshifting. The CTAA sequence in the loop was mutated to TGGA in plasmid pNefHT-L (Fig. 5A) . Translation, initiated at the two nef initiation codons, was terminated at an in-frame UAG termination codon located 85 bases downstream of the stem loop, giving rise to two polypeptides of 19 and 21 kDa. The results shown in Fig. 5B indicate that frameshifting in the mutated RNA NefHT-L (lane 2) is as efficient as in the wild-type RNA (lane 1), indicating that neither the bases in the loop nor the translation termination codon plays a role in dictating reframing of the ribosomes during translation. In two other viruses, mutation of the termination codons at frameshift sites also did not affect frameshift efficiencies (1, 8) .
In this work, we defined the genetic signals which dictate the redirection of ribosomes between the gag and pro genes of this virus. Two elements, the heptanucleotide A AAA AAC and the adjacent stem-loop structure 7 nucleotides away, are essential for ribosome frameshifting between gag and pro of HTLV-II. These two signals, located within a 41-base-long DNA fragment, are sufficient to exert efficient frameshifting when inserted in the heterologous HIV nef gene. The distance between the stem-loop structure and the heptameric consensus sequence also seems to be important for optimal frameshifting (unpublished results and reference 1). The sequences within the loop, including the UAA termination codon, are not involved in the frameshifting.
Reconstruction of the mutation-disrupted secondary structure by various compensatory mutations revealed that the base composition of the RNA secondary structure defines its functionality in frameshifting. affected when the GC content of the stem was kept as in the wild-type original stem, preserving the free energy of the secondary structure. However, no frameshift was observed when three GC pairs in the stem were changed to three AT pairs. The calculated free energy of the stem in this case was reduced from -16.4 to -10.5 kcal/mol (-68.6 to -43.9 kJ/mol). It is interesting that the calculated free energy of the stem-loop of the mouse mammary tumor virus gag-pro frameshift signal is only -7.8 kcal/mol (-32.6 kJ/mol) and yet its presence downstream of the gag-pro frameshift signal is essential for optimal frameshifting (2, 10). Translational readthrough suppression between gag and pol of Moloney murine leukemia virus also seems to be dependent on the stability of the secondary structure. Previously (7), we demonstrated that complementary base changes which restored the dyad symmetry but reduced the stability of the pseudoknot structure (7, 23) did not restore the stop codon suppression (7) . However, exchange of nucleotides between the pseudoknot arms did not abolish the murine leukemia virus gag stop codon suppression (23) .
Mutations (14) or deletion of the stem-loop of the HIV (20) . Thus, it remains to be determined how the variation in the stem-loop structure influences the efficiency of translation readthrough suppression and frameshifting. It is interesting that frameshifting promoted by the 41-nucleotide-long synthetic oligonucleotide was more efficient in the heterologous gene, the HIV nef, than that observed between gag and pro of HTLV-II. This would suggest that other sequences within the HTLV-II genome may be associated with the regulation of frameshift frequency. However, since in vitro translation efficiency of the nefmRNA is higher than that of HTLV-II mRNA, it may be argued that frameshifting efficiency is elevated in high-translation-rate systems such as the nef mRNA. In a previous work (15), we demonstrated that when the translation rate of the pro gene of HTLV-II was increased by deletion of sequences including the HTLV-II gag termination codon, frameshift efficiency betweenpro andpol was increased. Results published recently (18) about pro-pol frameshift efficiency in HTLV-I might be interpreted similarly. These results suggest that frameshift efficiency is affected, to some degree, by the translation rates at the region upstream from the frameshift site.
